INTRODUCTION {#SEC1}
============

The discovery of RNA interference (RNAi) opened a new era in RNA research and drug development. The suppression of gene expression by small RNAs such as siRNAs and miRNAs through RNAi has been studied extensively ([@B1]--[@B3]). However, in 2006, Li *et al*. ([@B4]) revealed a new kind of small RNAs, i.e., small activating RNAs (saRNAs), that activate gene expression. They found that small double-stranded RNAs targeting the promoter of some genes induced, rather than downregulated, gene expression. The phenomenon of small-RNA-guided gene upregulation at the transcriptional level was termed 'RNA activation' (RNAa). Thereafter, similar findings on RNAa for more target genes were reported in mammals and *Caenorhabditis elegans* ([@B5]--[@B14]), suggesting that RNAa is a general mechanism for gene regulation. Moreover, natural small RNAs such as miRNAs induce gene expression by promoter targeting ([@B15]--[@B17]). The potential therapeutic applications of gene activation induced by saRNAs have been demonstrated, such as the potential treatment of cancers, both *in vitro* and *in vivo* ([@B18]--[@B25]).

The mechanism underlying RNAa remains however unclear and disputed. Despite the opposite effect on gene regulation, RNAa acts in a fashion similar to RNAi, e.g., Ago2 is required for RNAa in mammals ([@B26],[@B27]). It has been assumed that Ago activates gene transcription by causing permissive epigenetic changes at promoter regions ([@B6]). With regard to the interaction of saRNA and a gene promoter, a number of alternative working models of RNAa have been suggested. First, saRNAs could recognize and bind to DNA targets in the promoter region ([@B17]). Second, saRNAs might bind to transcripts transcribed from the promoter sequence ([@B28],[@B29]) or induce the cleavage of antisense transcripts complementary to the mRNA or the mRNA of upstream genes ([@B30]). However, evidence to clarify the molecular interaction of saRNAs with their targets is largely lacking.

saRNAs activate target genes to varying degrees depending on the context. The progesterone receptor (PR), a member of the steroid/nuclear hormone receptor superfamily, is a sensitive target for RNAa, and is upregulated by saRNAs 5- to 6-fold at the RNA level and up to 20-fold at the protein level ([@B6]). Therefore, we chose the PR as a model to investigate the mechanism of RNAa. In this study, we identified a novel distal target of saRNA and demonstrated that RNAa is an on-site process with miRNA-like seed-region-dependence, and provided direct evidence for the interaction between the guide strand of saRNA and the promoter genomic DNA target.

MATERIALS AND METHODS {#SEC2}
=====================

Oligonucleotides and plasmids {#SEC2-1}
-----------------------------

The DNA oligonucleotides were from Biosune (Beijing); RNA oligonucleotides were from Genepharma (Shanghai) and RiboBio Inc. (Guangzhou); saRNAs were designed using BLOCK-iT™ RNAi Designer (ThermoFisher) and we selected saRNAs that conformed to some of the rules reported by Huang *et al*.([@B5]). The sense and antisense strands of the saRNA duplex are defined according to their orientation with regard to the target gene. The sense strand is in the same orientation as the coding strand of the target gene and their sequences are identical, while the antisense strand has sequence complementary to the coding strand. Plasmid DNAs were extracted using the PureYield mini-purification kit (Promega).

Cell culture and transfection {#SEC2-2}
-----------------------------

MCF-7 cells and HEK293A cells were grown in Dulbecco\'s modified Eagle\'s medium (Hyclone) supplemented with 10% fetal bovine serum (Hyclone), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) under 5% CO~2~ at 37°C. Cells were plated at 2 × 10^5^ cells per well in 6-well plates. Transfection with small RNAs or plasmids was performed using Lipofectamine 2000 (Invitrogen), following the manufacturer\'s instructions. Cells were transfected with small RNAs at a final concentration of 20 nM (saRNA) or 50 nM (siRNA).

Western blot {#SEC2-3}
------------

Cells were harvested 5 days after transfection, washed with phosphate buffered saline and lysed with lysis buffer. The protein concentration of cell lysate was determined using the Bicinchoninic acid protein assay (Vigorous). Fifty micrograms of proteins were resolved by electrophoresis on 10% Tris-glycine polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were blocked in 5% bovine serum albumin for 1 h and incubated overnight with the primary antibody to PR-A/B (Cell Signaling, 1:1000 dilution) and GAPDH (Bioworld, 1:2000 dilution) at 4°C. After washing three times, the membranes were incubated with the second antibody (ZSGB-Bio, 1:4000 dilution) for 2 h. Blots of proteins were detected using a chemiluminescence detection system (CWBIO).

RNA isolation and qPCR assay {#SEC2-4}
----------------------------

Small RNAs were transfected into cells. After 24 h (RNAi) or 72 h (RNAa), total RNA was isolated using TRI reagent (Sigma-Aldrich), and then reverse-transcribed into cDNA using an oligo dT primer and TransScript reverse transcriptase (Transgene). Primer pairs (Supplementary Table S1) were from the literature (PR-3/4) ([@B6]) or designed using Primer3web (<http://primer3.ut.ee/>) and selected the forward and reverse primers from different exons of mature target mRNA. After checking for specificity by gel, melting curve analysis and sequencing, the primers used in qPCR were found to have good linear correlations and equal priming efficiency for the different dilutions compared to the Ct values (slope, −3.4 to −3.2). The qPCR cycling conditions were 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 65°C for 15 s and 68°C for 20 s. The relative expression of each target gene was determined using the formula 2^−ΔΔCt^. GAPDH was used as the internal control. Negative control was performed lacking cDNA. More detailed information on qPCR is in the MIQE checklist in Supplementary Information.

Dual luciferase assay {#SEC2-5}
---------------------

A siQuant vector ([@B31],[@B32]) was employed as a reporter of small RNAs by inserting the target sequence in the coding region of a reporter gene without frame shifting (Supplementary Figure S1A and B). In this assay, the inhibitory effect on the target sequence of the small RNAs represented the effective Ago2 loading of the strand ([@B32]). The DNA oligos of small RNA targets were cloned into the siQuant vector. The luciferase assays were carried out in 24-well plates. The siQuant vector (100 ng/well) carrying the target site of the tested small RNA was transfected into HEK293A cells, together with the pRL-TK control vector (50 ng/well), and small RNAs or negative control (NC) (16.7 nM in each case). The luciferase activities were determined with a Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer\'s protocol.

Generation of promoter-mutated cell line using CRISPR/Cas assay {#SEC2-6}
---------------------------------------------------------------

The Cas9 and guiding RNA (gRNA) expression vectors were prepared as previously described ([@B33]). In brief, we chose the protospacer adjacent motif sequence in the target sequence of PR-1611 and the 20-bp sequence upstream as the targeting sequence of gRNA. The Cas9 plasmid and the gRNA expression vector were transfected into HEK293A cells and incubated for 48 h. Mutation of the PR-1611 target was determined by the T7 Endonuclease I assay (New England Biolabs) ([@B34]) and confirmed by DNA sequencing. Single transfected HEK293A cells were picked out and then seeded in 96-well plates by flow cytometry (BD FACS Calibur). The genomic DNA of each clone was extracted for polymerase chain reaction (PCR) and DNA sequencing.

Chromatin pull-down assay {#SEC2-7}
-------------------------

Mutated or wild-type HEK293A cells were cultured in 15-cm dishes and saRNAs with biotin labelled on the 3′-end of the sense or antisense strand (Ribo) were transfected at 20 nM. Streptavidin beads (Dynabeads^®^ MyOne™ Streptavidin C1, Invitrogen) were washed and re-suspended as suggested by the manufacturer. Cells were harvested 48 h after transfection. The chromatin pull-down assay was modified from a reported protocol ([@B35]). The cell lysate was sonicated and centrifuged; the supernatant was retained and the DNA input was removed. Fifty microlitres of beads were added to each sample and incubated at 37°C for 1 h with shaking. Samples were treated with RNase A (Tiangen) and proteinase K (Tiangen) to remove contaminating RNA and protein. The DNA was extracted and amplified by qPCR using two different pairs of primers.

Statistical analysis {#SEC2-8}
--------------------

All data are shown as mean ± SEM. Statistical analysis was performed with Student\'s *t*-test to evaluate single-factor differences between two sets of data, or with ANOVA followed by the Bonferroni *post-hoc* test for multiple comparisons.

RESULTS {#SEC3}
=======

A distal hotspot for saRNA targeting in the PR promoter {#SEC3-1}
-------------------------------------------------------

To expand the collection of saRNAs that act on the PR gene promoter, we designed 20 saRNAs targeting different sites in a region that included ∼2 kb of the PR promoter and sites around the transcription start site (TSS) (Figure [1A](#F1){ref-type="fig"}, Supplementary Table S2). PR-11, a previously-reported and effective saRNA for PR, was also included as a positive control ([@B6]). These saRNAs were individually transfected into MCF-7 cells, and the PR expression was assessed by qPCR after 72 h. Five of the 20 saRNAs were able to activate PR expression by 3- to 5-fold at the mRNA level (Figure [1B](#F1){ref-type="fig"}). To our surprise, among the 20 saRNAs, PR-1611 exhibited the strongest gene-activating effect with the distal target. This is in contrast to reports that most of the previously-identified saRNA target sites are within the proximal region of the promoter, extending ∼1 kb ([@B4],[@B6],[@B9],[@B10],[@B12],[@B14],[@B36],[@B37]). To confirm that such a remote target site can mediate RNAa, western blot assays were performed to demonstrate PR expression in MCF-7 cells transfected with PR-1611 and PR-11 saRNAs (Figure [1C](#F1){ref-type="fig"}). To further validate such a remote RNAa target, we designed 31 tiled saRNAs targeting the whole 30-bp region around the PR-1611 target (from the -1596 site to the -1626 site) (Figure [2A](#F2){ref-type="fig"}, Supplementary Table S2). We found that 6 out of the 31 saRNAs led to upregulation of the PR, and these saRNAs exclusively clustered within a 10-bp region around the PR-1611 target (Figure [2B](#F2){ref-type="fig"}). These results indicated that the remote site around -1611 constitutes a hotspot for RNAa. We speculated that this remote RNAa hotspot, compared to proximal targets, could be a better site for investigation because it is more likely to be free of complex transcriptional events around the TSS. We therefore chose the PR-1611 cluster for most of the subsequent mechanistic studies.

![Distribution of saRNAs across 2 kb of the PR promoter. (**A**) Schematic representation of the PR promoter with its transcription start site (only the TSS of PR-B is shown), and the locations of 20 saRNA targets. (**B**) Plot of PR mRNA expression levels in MCF-7 cells after individual transfection with 20 saRNAs. Fold changes \>3.0 compared with NC are shown as black columns. Cells were harvested after 72 h. PR mRNA expression levels were assessed by qPCR and normalized to GAPDH. The results are mean ± SEM of at least three independent experiments and plotted as relative expression compared to NC transfection. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. (**C**) Western blots of PR protein levels in MCF-7 cells after individual transfection with PR-11 and PR-1611. Two isoforms (PR-A and PR-B) of PR are shown. GAPDH was used as a loading control. Cells were harvested after 5 days. NC, non-specific control duplex RNA.](gkw076fig1){#F1}

![A distal hotspot in the PR promoter for RNAa. (**A**) Schematic representation of 30 tiled saRNAs with each target shifted 1-nt around PR-1611. All potential targets of small RNAs in the region from −1626 to −1596 are included (the TSS is regarded as +1). (**B**) Plot of PR mRNA expression levels in MCF-7 cells after individual transfection with 30 tiled saRNAs. Cells were harvested after 72 h. PR mRNA expression levels were assessed by qPCR and normalized to GAPDH. The results are mean ± SEM of at least three independent experiments and plotted as relative expression compared to NC transfection. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](gkw076fig2){#F2}

A 'seed-region' is pivotal for saRNA-mediated gene activation {#SEC3-2}
-------------------------------------------------------------

Previous work on small RNA target-recognition showed that miRNA and siRNA have different rules of mismatch tolerance of target recognition ([@B38]--[@B40]). It is possible that saRNA also mainly relies on a partial sequence to recognize its target genes. We synthesized two groups of saRNAs with single point-mutations along the length of PR-1611 and PR-11 (Figure [3A](#F3){ref-type="fig"}, Supplementary Table S3) and assessed their effects on PR activation in MCF-7 cells by qPCR. Interestingly, for both PR-11 and PR-1611, we found a 'seed-region' in the 5′-end of the antisense strand. For PR-1611, mutation of nucleotide 4, 6 or 8 counted from the 5′-end of the antisense strand showed more severe impairment of RNAa than other sites, according to both fold change and statistical results comparing mutated saRNAs with wild-type saRNA (Figure [3B](#F3){ref-type="fig"}). For PR-11, a consistent tendency was also found (Figure [3C](#F3){ref-type="fig"}). More importantly, mutations in the 'seed-region' of both PR-11 and PR-1611 almost totally abolished their RNAa activity, indicating that the gene activation effect of an saRNA depends on its 'seed-region'. For other sites (sites 10, 12, 14 and 16), it was predictable that mutations also moderately affected gene activation levels since these sites may play a supporting role in saRNA target recognition, similar to the target recognition of miRNA ([@B41]). In addition, we created saRNAs with a single mutation of nucleotide 4, 6 or 8 counted from the 5′-end of the antisense strand or from the 3′-end of the sense strand of PR-1611, leading to duplexes with a single embedded mismatch (Figure [3A](#F3){ref-type="fig"}, Supplementary Table S3). We found that saRNAs with mutations in the antisense strand had stronger inhibitory effects on RNAa than those in the sense strand (Figure [3D](#F3){ref-type="fig"}), especially for sites 4 and 6. In addition, mutations in sites 4 or 6 of the antisense strand of PR-1611 alone gave the same results as mutations in sites 4 or 6 of both strands (Figure [3B](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). This result indicated that mutations of the antisense strand contribute most to the decreased RNAa induced by saRNAs carrying mutations in both strands.

![Seed-region and guide strand of saRNA. (**A**) Schematic representation of saRNAs with single base-pair mutations and saRNAs with single-nucleotide mutations in the sense or antisense strand. (**B** and **C**) Plots of PR mRNA expression in MCF-7 cells after transfection with two series of mutant saRNAs, PR-1611-M2 to M18 (B) or PR-11-M2 to M18 (C). Statistical analysis was performed between the mutated saRNAs and wild-type saRNA. (**D**) Plot of PR mRNA expression in MCF-7 cells after transfection with single-nucleotide mutated saRNAs. The position of the mutated site is shown according to the antisense strand. PR mRNA expression levels were assessed by qPCR and normalized to GAPDH. (**E** and **F**) HEK293A cells were co-transfected with reporter carrying the target of sense or antisense strands of the corresponding small RNA. The relative luciferase levels of reporters of functional saRNAs (E) and non-functional saRNAs (F) were assessed using a dual-luciferase reporter assay system. The results are mean ± SEM of at least three independent experiments and plotted as relative expression compared to NC transfection. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](gkw076fig3){#F3}

For saRNAs in the distal hotspot, we cloned the target of either strand in a reporter plasmid, which detected the loading of a particular strand of siRNA or saRNA into Ago2 ([@B32],[@B38]) (Supplementary Figure S1A and B). The reporter expression is negatively correlated with Ago2 loading levels. Since Ago2 is necessary for both RNAa and RNAi, in cases where a particular strand is integrated into Ago2 at a level that can result in a knockdown of its reporter by \>80%, that particular strand would have the full potential to act as the effector strand for either RNAi or RNAa. All active saRNAs showed efficient inhibition of reporters containing targets of antisense strands, but not all active saRNAs showed the same trend against reporters containing targets of sense strands, suggesting that sense strand integration into Ago2 is not needed for RNAa (Figure [3E](#F3){ref-type="fig"}). Conforming to this result, few of the inactive saRNAs efficiently inhibited reporters containing the targets of antisense strands (Figure [3F](#F3){ref-type="fig"}). These results suggested that active saRNAs around the hotspot efficiently integrate their antisense strand into Ago2, while such efficiency was not found for the sense strand. We further assessed the Ago2 loading efficiency of the mutated PR-1611 in this reporter assay (Supplementary Figure S1C and D). For the antisense strand, most of the mutations exhibited efficient Ago2 loading, which corroborated our conclusion that mismatches in the 'seed-region' and target are responsible for the decreased RNAa. Therefore, we concluded that the 'seed-region' in the 5′-end of the antisense strand of saRNA is critically important for its activity, in a manner similar to the seed-region of miRNA.

RNAa is sensitive to genomic mutation in the intended target site {#SEC3-3}
-----------------------------------------------------------------

We further explored whether activation of the PR by PR-1611 is mediated by an interaction with the -1611 site or indirect effects of PR-1611 manipulation of the expression of other genes or sites. We speculated that disruption of the -1611 site by genome-editing would most likely decrease the RNAa mediated by this site, but not interfere with an indirect process. We disrupted the -1611 site in the PR promoter region using the CRISPR/Cas system in HEK293A cells. gRNAs targeting -1611 in the PR promoter were designed and tested by T7 Endonuclease I assay ([@B34]) (Supplementary Table S4). gRNA PR-G2 was selected and transfected into HEK293A cells. After single-clone generation and genomic DNA sequencing, Clone-5, a representative clone with an 8-bp deletion in one allele and a 1-bp insertion in the other allele of the PR-1611 target site (Figure [4A](#F4){ref-type="fig"} and Supplementary Figure S2), was chosen for further study.

![Genomic mutations in target sites of PR-1611 inhibit RNAa. (**A**) Sequence of promoter regions containing PR-1611 target sites from wild-type HEK293A (WT) and mutated cells (Clone-5). Genome editing was confirmed by sequencing the PCR product from genomic DNA. The WT PR-1611 target site is shown in bold. The deletions are shown as dashes and the insertion is shown underlined.(**B**) Plot of PR mRNA expression in HEK293A cells after transfection with PR-11, PR-891, PR-1610 or PR-1611. (**C**) Comparison of PR activation in Clone-5 and WT cells induced by PR-11, PR-891, PR-1610 or PR-1611. PR mRNA expression levels were assessed by qPCR and normalized to GAPDH. The results are means ± SEM of at least three independent experiments and plotted as relative expression compared to NC transfection. \*\**P* \< 0.001.](gkw076fig4){#F4}

We first confirmed that the functional saRNAs (PR-891, PR-1610 and PR-1611) were all able to activate PR expression in wild-type (WT) HEK293A cells 72 h after saRNA transfection, though the elevated mRNA levels were lower than those in MCF-7 cells (Figure [4B](#F4){ref-type="fig"}). We then assessed the activation effects of PR-1611 on the PR in Clone-5 as well as WT HEK293A cells by qPCR. PR-11 and PR-891, two functional saRNAs that target different sites in the PR promoter, served as controls. The activation of PR-1611 was significantly lower in the mutated cells than in WT HEK293A cells, while the RNAa activity of PR-11 and PR-891 was not disrupted (Figure [4C](#F4){ref-type="fig"}). Collectively, our data provided evidence that RNAa mediated by small RNAs is a sequence-specific process occurring on-site in the promoter region, no matter whether this process occurs at the DNA or RNA level.

saRNA PR-1611 binds to the genomic target region of the PR promoter {#SEC3-4}
-------------------------------------------------------------------

The antisense strand of an saRNA can mediate RNAa by an on-site process through either binding to any sense transcripts (RNA) originating from the promoter region, or to the promoter DNA itself. Using saRNA pull-down, we determined whether the antisense strand could bind to promoter DNA. We modified PR-1611 and a non-functional saRNA PR-1602 at the 3′-end of either the sense or the antisense strand with biotin. s/as-bio-1611 activated PR expression in WT HEK293A cells (Figure [5A](#F5){ref-type="fig"}). Biotin-labelled saRNA together with the chromatin complex were purified using streptavidin-coated magnetic beads. In WT HEK293A cells, we found ∼4-fold enrichment of promoter DNA by as-bio-1611, compared with bio-NC and no significant enrichment of promoter DNA was detected for s/as-bio-1602 or s-bio-1611 (Figure [5B](#F5){ref-type="fig"}). These results indicated that saRNA and promoter DNA interact. We further assessed this binding in Clone-5. as-bio-1611 activated PR expression in Clone-5, but the expression level was significantly lower than in WT HEK293A cells (Figure [5C](#F5){ref-type="fig"}). Consistently, the enrichment of promoter DNA by as-bio-1611 was slight in Clone-5, and the amount of target region pulled down by as-bio-1611 was clearly lower in Clone-5 cells than in WT HEK293A cells (Figure [5D](#F5){ref-type="fig"}). Semi-quantitative analysis showed the same result (Supplementary Figure S3A and B). Together, these results suggested that saRNA PR-1611 binds to the genomic DNA of the PR promoter target site in the process of RNAa.

![Biotinylated saRNA binds to PR promoter DNA. (**A**) Plot of PR mRNA expression in WT HEK293A cells transfected with biotin-labelled PR-1611 and non-functional saRNA PR-1602. s-bio-1611/1602: biotin-labelled on the 3′-end of the sense strand of PR-1611/PR-1602; as-bio-1611/1602: biotin-labelled on the 3′-end of the antisense strand of PR-1611/PR-1602. Cells were harvested after 72 h. (**B**) qPCR amplification of PR promoter DNA precipitated with biotin-labelled saRNAs in WT HEK293A cells. Primer-6 and Primer-36 targeted the PR promoter region around the -1611 site. Cells were harvested after 48 h. The abundance of promoter DNA was plotted as percentage of input. (**C**) Plot of PR mRNA expression in WT HEK293A and Clone-5 cells transfected with as-bio-1611. Cells were harvested after 72 h. (**D**) qPCR amplification of PR promoter DNA precipitated with as-bio-1611 and bio-NC in WT HEK293A and Clone-5 cells. Cells were harvested after 48 h. The abundance of promoter DNA was plotted as percentage of input. PR mRNA expression levels were assessed by qPCR and normalized to GAPDH. The results are means ± SEM of at least three independent experiments and plotted as relative expression compared to NC transfection. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](gkw076fig5){#F5}

Knockdown of the antisense transcript does not affect RNAa {#SEC3-5}
----------------------------------------------------------

AT-2, an antisense transcript partially complementary to the PR promoter, is reported to be a target of PR-11 in the process of PR activation in MCF-7 cells ([@B28]). In order to determine whether AT-2 is required for PR-1611-mediated RNAa, we designed siRNAs to knock down the level of AT-2 without affecting that of PR mRNA. The relative locations of genomic DNA, AT-2, and small RNAs are shown in Figure [6A](#F6){ref-type="fig"}. We first confirmed that the downregulation of PR did not affect the expression of AT-2 (Supplementary Figure S4A and B). Then we used two siRNAs (Supplementary Table S5) which effectively reduced AT-2 expression but interfered little with PR expression at both 24 and 72 h (Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}, Supplementary Figure S4C and D). The AT-2 siRNAs were first transfected into MCF-7 cells for 24 h and then a second transfection was carried out using saRNA together with AT-2 siRNAs. The RNA level of AT-2 remained downregulated during the process of RNAa induced by co-transfection of saRNA and siRNA. The PR upregulation induced by PR-1611 was not attenuated when AT-2 was markedly silenced (Figure [6D](#F6){ref-type="fig"} and Supplementary Figure S4E), indicating that this antisense transcript does not play a critical role in saRNA-induced PR activation by PR-1611. A similar independence was also found for PR-11-mediated PR activation. This lends further support to the hypothesis that saRNAs target promoter DNA *via* the antisense strand as the effector or 'guide strand' in RNAa.

![Knockdown of AT-2 does not affect RNAa. (**A**) Schematic representation of splicing of the antisense transcript AT-2 and the promoter of the PR in MCF-7 cells, showing the relative locations of small RNA targets, AT-2, and the PR promoter. The boxes represent exons and the lines connecting them represent introns of AT-2. (**B**) Plot of AT-2 expression in MCF-7 cells after transfection with AT2-si1 or AT2-si2 for 72 h. (**C**) Plot of PR mRNA expression in MCF-7 cells after transfection with AT2-si1 or AT2-si2 for 72 h. (**D**) Plot of PR mRNA expression in MCF-7 cells co-transfected with siRNAs of AT-2 and saRNAs of the PR. In the co-transfection experiments, cells were harvested 72 h after the second transfection. PR mRNA expression levels were assessed by qPCR and normalized to GAPDH. The results are mean ± SEM of at least three independent experiments and plotted as relative expression compared to NC transfection. \*\*\**P* \< 0.001.](gkw076fig6){#F6}

DISCUSSION {#SEC4}
==========

Previous studies have shown that small dsRNAs mediate a sequence-specific upregulation of gene expression ([@B4]--[@B6],[@B8]--[@B14],[@B42]). The involvement of Ago2 protein in the process ([@B4],[@B26]), and the recruitment of RNA polymerase II and heterogeneous nuclear ribonucleoproteins to the saRNA target site during activation of the tumour suppressor gene p21 have been reported as part of the mechanism ([@B28],[@B43]). It has been suggested that 200- to 1200-bp upstream of the TSS is the optimal targeting area ([@B5]) and actually, most of the known active saRNA target sites are located upstream of and no more than 1 kb from the TSS. Particularly, it has been proposed that saRNAs targeting sequences around the TSS or the TATA-box-centered region might have higher activation efficiency ([@B6],[@B44]).

For RNAa of the PR gene, Janowski *et al*. tested a series of small dsRNAs targeting the region −56 to +17 of the promoter, and PR-11 showed the strongest activation among this cluster of saRNAs ([@B6]). In this study, we expanded the saRNA target region in the PR promoter and found a distal hotspot around the -1611 site from the TSS for RNAa. This finding suggested that saRNA-mediated gene activation can be achieved by saRNA targeting regions of a promoter well beyond the regions close to the TSS or the TATA-box.

We further demonstrated that 2--8 nt from the 5′-end (especially sites 4 and 6) of the antisense strand constitute the 'seed-region' of saRNAs, and this plays an irreplaceable role in guiding the recognition of saRNAs and their targets. Using saRNAs with only antisense strand mutations resulted in a nearly complete loss of RNAa activity when such mutations were located in the 4 or 6 nt positions, suggesting that this region plays a pivotal role in the RNAa process of PR-1611. In contrast, using saRNAs with only sense strand mutations resulted in a moderate decrease of RNAa activity when such mutations were located in the 4 or 6 nt positions (Figure [3D](#F3){ref-type="fig"}). This suggested that the same region of the sense strand is far less important than the antisense strand. We speculate that the moderate decrease of activity found among the only sense mutations was due to the slight impact of a bulge on the Ago2 loading, and the difference among the only sense strand mutations was a consequence of the different positioning of such bulges.

There have been controversial reports about the relative contributions of the two strands of saRNA in the process of RNAa. Some reports have indicated that the 5′-end of the antisense strand is important for initiating RNAa ([@B4],[@B26]), but other studies have suggested that the sense strand plays a pivotal role ([@B28]). By using a reporter assay and mutational analysis, we showed that PR-1611 likely acts through its antisense strand in RNAa of PR as well. In the results of the reporter assay, we noted that both strands of PR-1610, PR-1615, PR-1609, PR-1612 and PR-1606, could serve as effector strands in RNAa. However, for the most potent saRNA within this panel, PR-1611, the sense strand was hardly loaded into Ago2 at all (Figure [3E](#F3){ref-type="fig"}). On the other hand, among the non-effective dsRNAs, the incidence of inefficient loading of the antisense strand (PR-1616, PR-1605, PR-1607 and to a less extent PR-1613) into Ago2 increased, while the loading of the sense strands did not change (Figure [3F](#F3){ref-type="fig"}). What is more, the efficient loading of sense strands in the non-functional variants is consistent with our speculation that the integration of the sense strand into Ago2 does not contribute much to the generation of functional saRNA. Among the 12 saRNAs in our experiments (Figure [3E](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}), there are eight saRNAs (i.e., PR-1611, PR-1610, PR-1615, PR-1609, PR-1612, PR-1606, PR-1614 and PR-1608) with the antisense strand well-loaded into Ago2, six out of these eight (75%) saRNAs functioned as active saRNAs. On the other side, there are four saRNAs (i.e., PR-1616, PR-1613, PR-1605 and PR-1607) with the antisense strand poorly-loaded into Ago2, four out of these four (100%) saRNAs did not function as active saRNAs. This also highlights the importance of the antisense strand for RNAa.

Another open question for the RNAa field is which target molecule the saRNA acts on. In an effort to clarify the potential role of the promoter DNA target in RNAa, we used CRISPR/Cas technology to directly mutate the target DNA of PR-1611 and showed that the binding of mutated promoter DNA with saRNA was significantly inhibited. That a reduced activation effect was found upon such reduction of genomic DNA binding indicates that the binding between saRNA and genomic DNA is involved in the RNAa process.

Considering the possibility that RNA transcripts may also act as targets of saRNA in some cases ([@B28],[@B29]), we surveyed possible transcripts covering the PR-1611 target site and did not find any, except for the antisense transcript AT-2 ([@B28]), based on the RefSeq and Gencode v22 gene annotations. Further, we found no evidence of additional transcripts in either the sense or antisense direction around the -1611 site, based on 105 human normal tissue RNAseq datasets ([@B45]) and MCF-7 Pacbio RNA sequencing data ([@B46]). For this reason, we focused on the antisense transcript AT-2 to assess this possibility. We found, however, that AT-2 does not contain the target site of PR-1611 in the mature sequence, since that region is located in the intron region of this gene. This means that PR-1611 could not have a direct interaction with mature AT-2 no matter whether the sense or antisense strand of PR-1611 mediates the effect of RNAa. Indeed, the treatment of cells with PR-1611 did not reduce the level of AT-2.

Nevertheless, we carried out siRNA-based gene silencing of AT-2 and found that upon \>80% knockdown of AT-2 transcripts, the RNAa activity of both PR-11 and PR-1611 was not repressed (Figure [6](#F6){ref-type="fig"}). We noted that this conclusion is in contrast to the proposal of Schwartz *et al*. that PR activation is attributable to an association between saRNA and the antisense transcript AT-2 overlapping the PR promoter. AT-2 knockdown experiments provide important evidence for forming hypotheses about AT-2 involvement. It should be noted that in Schwartz\'s work, the single antisense oligo (G1) used to silence the AT-2 gene (by 82%) also had a significant off-target effect on expression of the PR gene, reducing the PR level by ∼38% in MCF-7 cells, whereas the other antisense oligo (G2) had AT-2-silencing effects in MCF-7 cells but produced contradictory results on PR activation in the same cell line. We used two different siRNAs targeting AT-2 and found that both efficiently silenced AT-2 transcripts but did not show evident off-target silencing of the PR. In our experiments, the two siRNAs produced results that corroborated each other (Figure [6](#F6){ref-type="fig"}). Thus, we believe that our approach provides a more specific system in which to assess the impact of AT-2 on activation of the PR. This result and the absence of other transcripts in the region prompted us to hypothesize that PR-1611 likely works on the DNA site without needing of RNA transcript as a scaffold. The binding between saRNA and the genomic DNA site (i.e., an on-site process) is at least involved, if not solely responsible for the RNAa of the PR mediated by PR-1611.

In summary, we provide evidence that RNAa can be achieved through the binding of a distal genomic target site by its antisense strand with the 5′ region playing a pivotal role (Supplementary Figure S5). These findings enhance our understanding of RNAa as an *in vivo* gene-regulation mechanism and as a method of artificially activating gene expression.
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